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Spacetime Models for the World 


Roberto Torretti* 


In this paper I take a sceptical view of the standard cosmological model and 
its variants, mainly on the following grounds: (i) The method of mathematical 
modelling that characterises modern natural philosophy—as opposed to Aris- 
totle’s—goes well with the analytic, piecemeal approach to physical phenomena 
adopted by Galileo, Newton and their followers, but it is hardly suited for 
application to the whole world. (ii) Einstein’s first cosmological model (1917) was 
not prompted by the intimations of experience but by a desire to satisfy Mach’s 
Principle. (iii) The standard cosmological model—a Friedmann-Lemaitre-R obert- 
son-Walker spacetime expanding with or without end from an initial singular- 
ity—is supported by the phenomena of redshifted light from distant sources 
and very nearly isotropic thermal background radiation provided that two 
mutually inconsistent physical theories are jointly brought to bear on these 
phenomena, viz the quantum theory of elementary particles and Einstein’s theory 
of gravity. (iv) While the former is certainly corroborated by high-energy experi- 
ments conducted under conditions allegedly similar to those prevailing in the 
early world, precise tests of the latter involve applications of the Schwarzschild 
solution or the PPN formalism for which there is no room in a Friedmann- 
Lemaitre-Robertson-Walker spacetime. © 2000 Elsevier Science Ltd. All rights 
reserved. 
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The subject of this article—spacetime models for the world—is closely related to 
a central theme of the philosophy of physics, which we may designate as 
‘Mathematical models for natural phenomena’. However, it would be a mistake 
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to regard it as a subdivision or specialisation of this theme. The spacetime 
models I shall speak about are indeed a special kind of mathematical models 
and they can be readily conceived as specific realisations—that is, ‘models’ in the 
model-theoretic sense—of a type of mathematical structure. But the world is not 
a phenomenon, and, should we take the facile view that it is just the totality of 
phenomena, we may have to admit that the transition to totality altogether 
changes the rules of the game. Nonetheless, a few reminders on mathematical 
models for phenomena can improve our perspective on spacetime models for the 
world. 

Mathematical structures are clear-cut concepts of possibly quite great com- 
plexity. The distinguishing trait of mathematics is not quantitative, let alone 
numerical, exactitude, as schoolchildren are wont to think. What makes mathe- 
matics unique among human intellectual endeavours is the precision of its 
concepts. It was only in the nineteenth century that this became clear to all 
philosophers, with the development of new branches of mathematics—such as 
projective geometry and topology—that have little to do with quantity. How- 
ever, I dare say that Aristotle already had in mind the perfect conceptual 
definiteness of mathematics when he emphatically distinguished between predi- 
cates suitable for physics, such as simos (‘snub’), which is applicable to noses 
only, and mathematical predicates, such as koilos (‘concave’), which is true of any 
surface shaped like a snub nose. ‘These differ’-—says Aristotle—‘because snub is 
grasped together with matter (for what is snub is a concave nose), while 
concavity is independent of perceptible matter. If then all physical things are 
conceived like the snub—for example, nose, eye, face, flesh, bone, and, in general, 
plant (none of which admits an account which does not involve motion, and 
therefore matter), it is clear how we must seek and define the quid of something 
when we are dealing with the physical’. Now ‘matter’ in the sense of Aris- 
totle—hyle in Greek—belongs to everything that is liable to change. It stands for 
the potentiality of such things to become other than they are, for their unpredict- 
ability and chanciness, their ontic ambiguity and fuzziness. Thus, when Aristotle 
maintains that every physical concept must grasp its object together with the 
object’s matter, he is saying that physicists must make allowance for the 
indefiniteness and indeterminacy of the things they study, and therefore, they 
cannot rely, except in passing, on the dematerialised, fully determinate concepts 
of mathematics. 

In the sixteenth century many European universities, both Catholic and 
Protestant, hosted a revival of Aristotelian philosophy. In the seventeenth 
century the founding fathers of modern mathematical physics raised in arms 
against it. As Christians they could hardly admit that the ultimate stuff of 
creation is indeterminate and potential. As an actual creature of God’s will, 
Christian matter must sport all the properties required for God’s purpose, and 
no more. The Godhead of Christian philosophy surely knew what He wanted 


' Aristotle, Metaph. E.1, 1026°1-5. Cf. Metaph. K.7, 1064°23; Physica 11.2, 194°6; De Anima III.7, 
431°13. 
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when He created the world and He was sufficiently powerful to bring forth 
a material exactly suited to His ends. Opposition to Aristotle is manifest in 
Kepler’s dictum that ‘God is ever geometrising’ and in Galileo’s claim that the 
‘book of nature’ is written in ‘mathematical language’ and that ‘its characters are 
triangles, circles, and other geometric figures without which it is humanly 
impossible to understand a single word of it’ (Galileo, 1623, §6; reprinted in 
Galileo, 1964-1966, Vol. VI, p. 232). Seventeenth-century physicists no doubt 
expected, at their most sanguine moments, to eventually decipher God’s writing. 
This hope was backed by their belief that He ‘habitually employs the first, 
simplest and easiest means’ (Galileo, 1964-1966, Vol. VIII, p. 197). Nonetheless, 
they saw that, as creatures of moderate wit and very narrow experience, they had 
to proceed slowly and gingerly with their scientific enterprise. In contrast with 
Aristotle and his followers, they would not try to grapple with natural phe- 
nomena in the full concrete form in which these are usually given, but they 
would seek instead to isolate the simplest processes whose combination gener- 
ates the very complex ones we see, to understand each on its own, and then, 
eventually, to show how the variegated spectacle of nature results from them all. 

A nice example of this approach was supplied, at the very dawn of modern 
physics, by Galilei’s theory of free fall, as explained by his spokesman Salviati in 
the third day of the Discorsi (Galileo, 1964-1966, Vol. VII, pp. 190ff.). Salviati 
reads out a formal definition of uniformly accelerated motion and derives from it 
and from familiar truths of arithmetic and geometry a definite functional 
relation between the duration of a motion of this kind and the distance traversed 
and the speed attained by the moving body. This mathematical concept of 
uniformly accelerated motion is supposed to apply near the surface of the earth 
to every body that just gravitates, and is not subject to other influences such as 
air resistance or friction against the surface along which it rolls or slides. 
Obviously, such influences cannot be wholly suppressed in any particular case, 
but a clever experimenter can manage to weaken them. Suppose then that, as air 
resistance and friction diminish, the times, distances and speeds measured on 
actual motions come closer and closer to satisfying the relation prescribed by 
the mathematical concept. One would then conclude that the latter adequately 
represents the true law of free fall near the earth’s surface, although there is not 
one body that actually falls in that neighbourhood in exact accordance with it. 

Galilei’s method of mathematically conceiving simplified, streamlined, isol- 
ated, and—one must say so—abstract natural phenomena was continued and 
perfected by his great successors, Torricelli, Pascal, Huygens, and, above all, by 
Newton. Indeed, Newton’s contribution to this method was so important and 
influential that I. B. Cohen credits him, rather than Galilei, with its invention.” 


? Cohen (1980, p. 37) writes: ‘[Newton] did create what he conceived to be purely mathematical 
counterparts of simplified and idealized physical situations that could later be brought into relation 
with the conditions of reality as revealed by experiment and observation’. According to Cohen, this 
‘possibility of working out the mathematical consequences of assumptions that are related to 
possible physical conditions, without having to discuss the physical reality of these conditions at the 
earliest stages, [is what] marks the Newtonian style’ (p. 30). 
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Just as geometers investigate the properties of all sorts of geometrical figures 
regardless of their actual presence in nature, so Newton pursued his analysis of 
diverse configurations of forces and masses in space and time without paying 
any attention to the fact that they might not exist. The choice of such configura- 
tions for study was guided by the ultimate goal of finding one or more that 
would provide a sufficiently accurate mathematical representation of the 
motions of the solar system; but it was also constrained by the necessity of 
understanding the mathematics of some simple unreal situations to solve the 
more complex realistic ones. The latter, of course, fit the phenomena only within 
some pragmatically admissible margin of error. Indeed, for some—large 
enough—such margin, this may also be true of the former. Thus, for instance, 
a body moving under the action of a force directed towards an infinitely distant 
centre is nowhere to be found in the world, yet the motion of cannonballs from 
one point of a battlefield to another, or that of the Earth-Moon system over 
a short time, can be represented tolerably well by configurations subject to that 
flagrantly fictitious hypothesis (Newton, 1726, pp. 94, 117). 

The power of Galilei and Newton’s method has been confirmed by the 
successes of experimental physics and its technical applications. But they evi- 
dently did not intend to reach for totality with it; instead, they postponed, 
perhaps renounced, the Aristotelian aim of understanding the natural world in 
its concrete wholeness.*? Newton was well aware of this; he regarded grav- 
ity—whose workings he uncovered—as only one among many, still unravelled, 
kinds of natural forces; and, while Pope, the poet, saluted him as the light 
created by God to illuminate the darkness of things, he described himself as 
a little child who played with little shells and pebbles on the shore of the great 
unexplored ocean of nature. And so, despite what we might think about the 
inherent cosmological vocation of a theory of gravity, Newtonian science, in its 
two centuries of dominance, paid very little attention to the overall structure of 
the universe. Indeed, its practitioners hardly suffered from the paradox that 
apparently besets a Newtonian cosmology, namely, that if the stars are confined 
within a finite space they will collapse into a single ball, whereas, if they are 
randomly dispersed all the way to infinity the whole sky will shine like the sun. 
Nor does it seem that any major nineteenth-century physicist, say, Fourier or 
Ampere, Faraday or Helmholtz, Kelvin or Maxwell, was distressed by Kant’s 
conclusion that cosmology is an intrinsically contradictory pseudoscience, 
driven by an illusion of reason. 


3 Sagredo, who in Galileo’s dialogues stands for good sense, is quite outspoken on this issue: ‘Questa 
cosi vana presunzione d’intendere il tutto non puo aver principio da altro che dal non avere inteso 
mai nulla, perché, quando altri avesse esperimentato una volta sola a intender perfettamente una 
sola cosa ed avesse gustato veramente come é fatto il sapere, conoscerebbe come dell’infinita 
dell’altre conclusioni niuna ne intende’ (‘This utterly vain presumption of understanding the Whole 
can only stem from one source, namely, that one never has understood anything. For someone who 
just once had tried to understand perfectly a single thing and had truly tasted how knowledge is 
built, would know that he does not understand any of the infinitely many other truths’ (Galileo, 
1632; reprinted in Galileo, 1964-1966, Vol. VI, p. 127)). 
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The physicists’ disregard for cosmology ended abruptly on 8 February 1917, 
when Einstein submitted to the Prussian Academy his ‘Cosmological Consider- 
ations concerning the General Theory of Relativity’. Like all the other major 
papers by Einstein, it is tremendously innovative. It is also wondrously clear 
and—just like the others—it brilliantly exemplifies the Galileo-Newtonian 
method of mathematical modelling. But the object to which this method is 
applied, the isolated physical system that, after suitable simplification, is repre- 
sented here by a highly idealised model, is none other than the entire universe. 
The whole of matter is equated with a pressureless fluid homogenously filling 
a four-dimensional semi-Riemannian manifold which everywhere agrees to first 
order with the Minkowski spacetime of special relativity. However, this space- 
time is not homeomorphic with R* like Minkowski’s—and Newton’s—but with 
R x S°. The cosmic fluid traces out a congruence of timelike geodesics, any two 
of which stand forever at a fixed distance from each other.* The congruence is 
orthogonally sliced by non-intersecting isometric three-dimensional submani- 
folds. Each one of these spacelike slices may be regarded as representing the 
cosmic space at a particular instant of time. The big news is that these slices are 
homeomorphic with S*. Thus, at any given moment, Einstein’s universe of 1917 
takes up a finite volume, but nowhere meets a boundary. 

This was the first spacetime model of the world ever to be proposed by 
a physicist and we would naturally wish to know what motivated Einstein to 
come forward with it. Was this sudden concern for the overall structure of 
spacetime induced by some new experimental results? And, if that was not the 
case, what on earth prompted Einstein’s unexpected lunge for totality? Ein- 
stein’s cosmological considerations pertain to his theory of gravity, known as 
general relativity. The semi-Riemannian metric of Einstein’s spacetime model is 
a solution of the field equations of this theory. Einstein had no evidence for this 
particular solution; no direct evidence, say, that the universe is homeomorphic 
with R x S*. Therefore, the empirical support for his spacetime model consisted 
only in the evidence he could muster for general relativity. Now in 1917 there 
was strong laboratory evidence for special relativity and therefore for any theory 
that, like general relativity, agrees well with special relativity on a neighbour- 
hood of each event, and there was overwhelming evidence for Newton’s theory 
of gravity and therefore for any theory that, like general relativity, agrees well 
with Newton’s theory of gravity in the ordinary circumstances in which this 
evidence was gathered. But the specific evidence for general relativity as such, 
insofar as it disagrees with those older theories, was at that time rather meagre. 
It rested solely on Mercury’s perihelion anomaly, which Newtonian theory was 
unable to account for, but which could be predicted from Einstein’s. The 
anomalous perihelion advance amounts to about 43 seconds of arc per century, 
less than one percent of the total precession observed. By astronomical stand- 
ards of accuracy this is not too small, but surely it is paltry evidence for the 


* A congruence of curves in a manifold .@ is a family of curves in .@ such that each point of -/ lies on 
one and only one member of the family. 
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shape of space. Moreover, the relativistic prediction of Mercury’s perihelion 
advance is based on a solution of the Einstein field equations in the original 
version submitted on 25 November 1915 (Einstein, 1915), namely, 


Rix = 39;7R = => KT jx (0 <j, k <3). (1) 


But the metric of Einstein’s first spacetime model of the world is a solution of the 
corrected version of eqns (1) that he introduced in the cosmological paper of 
1917, apparently for the sake of obtaining that very solution, that is: 


Rye — 49 jR + AG, = —K Tix. (2) 


The left-hand side of eqns (2) is the most general symmetric tensor of rank 2 that 
can be constructed from the metric and whose covariant derivative is identically 
zero and therefore equal to what the covariant derivative of the energy tensor on 
the right-hand side ought to be. The original equations are recovered if we put 
the ‘cosmological constant’ 2 = 0, so the correction really consists in taking 
A #0. However, for eqns (2) to yield the correct orbit for Mercury, the value of 
A must be vanishingly small. In fact, as Einstein doubtless knew, astronomical 
data place a very low cap on the absolute value of 1, so small indeed that there is 
not the slightest empirical inducement to put 4 different from 0.° 

Thus, it does not appear that Einstein’s move towards cosmology was driven 
by the pressure of facts. Nor did Einstein ever suggest that it was. When he wrote 
“Cosmological Considerations’ only one exact solution of eqns (1) was known. It 
was tailored to fit an isolated gravitational system formed by a very large body 
and a negligibly small one. Schwarzschild (1916a,b) found this solution by 
assuming a spacetime metric that (a) is spherically symmetric in space, (b) does 
not vary in time, and (c) converges to flatness at spatial infinity.° 

Einstein found (c) objectionable. Flatness at spatial infinity means that a 
test particle will be constrained by the metric to trace out a 
definite—straight—spacetime trajectory even if all other matter is infinitely 
distant from it. According to Einstein, this would mean that the spacetime 
structure can guide the motion of matter without being in turn determined by 


5 To form his or her own judgment on this matter, the reader should reflect on the following: let 1 + ¢ 
be the ratio between a body’s inertial and gravitational mass; experimental measurements performed 
by Newton in the 1680’s, by Edtvés in the 1900’s and by Braginsky and Panov ca. 1970 placed the 
upper bound of |e| at 1073, 1078 and 107 1, respectively (Newton, 1726, p. 400; Eétvés, Pekar and 
Fekete, 1922; Braginsky and Panov, 1972). Based on such results, Einstein in 1907—and even 
Newton himself in 1687—concluded that ¢ = 0. Now, in the light of current data, the upper bound of 
|A| is about 3 x 1075? m”. Still, a non-zero value of / is currently favoured by many cosmologists, 
not because any actual measurements support it, but because it lends colour to their pet ideas. (This 
reminds me of the Steady State cosmological theory and its infamous rate of continuous matter 
creation, with a mean value of, say, 10718 baryons per cubic metre per second.) 

© The big body is placed outside the field, presumably at the singularity that arises along the axis of 
symmetry; the small body is treated as a test particle. The correct prediction of Mercury’s perihelion 
anomaly is derived from the Schwarzschild solution by identifying the Sun with the big body, 
Mercury with the small one, and forgetting the other planets. (Of course, astronomers do not forget 
them; they just leave the old Newtonian theory in charge of predicting their effect.) 
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the distribution of matter, in crass violation of a principle that Einstein at- 
tributed to Mach and regarded as one of the groundstones of general relativity. 
Einstein (1918, p. 241) stated this ‘Machian Principle’ (Mach’sches Prinzip) as 
follows: 


The [metric] field is exhaustively determined by the masses of bodies. 


G.D. Birkhoff (1923) proved that condition (a) of the Schwarzschild solution 
entails conditions (b) and (c). This means, of course, that if the spatially symmet- 
ric field of the Schwarzschild solution is at all determined by the mass of a body 
(supposedly present at the axis of symmetry), so too is the flat metric to which 
this field converges at infinity. Therefore, Einstein’s Machian Principle does not 
clash with the asymptotic flatness of the Schwarzschild metric. Fortunately, in 
1917 Birkhoff’s theorem had not yet been published, so Einstein was still free to 
think that general relativity here faced a real difficulty, to solve which he 
invented modern cosmology. 

In ‘Cosmological Considerations’, §2, Einstein formulates his objection to 
flatness at infinity as follows: ‘In a consistent theory of relativity there can be no 
inertia with respect to “space”, but only an inertia of the masses with respect to 
each other. Therefore if I carry a mass far enough from all the others, its inertia 
must fall to zero’ (p. 145; Einstein’s emphasis). If the gravitational field is 
spatially isotropic about every point there is a coordinate system 
x = (x°, x', x”, x3) relative to which the spacetime metric is given by Eq. (3)’ 


ds? = B(dx°)? — A(dx!)? + (dx?)? + (dx3)?). (3) 


Einstein shows that, in this case, the inertial mass of any particle will vanish at 
spatial infinity if and only if A also vanishes there, while B grows beyond all 
bounds. He tells us that he investigated, together with the mathematician 
Grommer, centrally symmetric static gravitational fields whose metric would 
degenerate in this way at spatial infinity. He concluded that ‘for the system of the 
fixed stars, such boundary conditions are absolutely excluded’ (1917, p. 146). 
Indeed, the conditions A—0 and B— oo are not only excluded by some 
observable feature of the fixed stars; by Birkhoff’ s theorem, they are logically 
incompatible with the postulated symmetry. 

It then occurred to Einstein that a semi-Riemannian metric can be realised on 
a spatially compact manifold. In such a manifold there is no spatial infinity and 
hence no need to stipulate any boundary conditions at it. Einstein sought for 
a solution of his gravitational field equations that would meet the following 


7 A spacetime .@ is said to be (spatially) isotropic at each point if there is a vector field V on .@ which 
defines a congruence of timelike curves and has the following property: given any point pe./@ and 
any two spacelike vectors X,, and Y, at p that are orthogonal to V,,, there is an isometric mapping 
fof onto itself such that f(p) = p.fy.»(Vp) = Vp, and f,,,(Xp) = Yp. (I denote by V, the value of 
field V at p or, in other words, the vector tangent at p to the one curve of the congruence that goes 
through p.) 
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conditions: 


(i) The metric field is defined on a manifold that admits a family of spacelike 
hypersurfaces—which I shall call ‘canonic slices——such that each point of 
the manifold les on one and only one hypersurface of the family. Each 
canonic slice is a compact three-dimensional simply connected topological 
manifold. 

(ii) The metric field is homogeneous and isotropic on each canonic slice (or, as 
one may say, it is ‘homogeneous and isotropic in space’).® 

(iii) The metric field does not change from one canonic slice to another (or, as 
one may say, it is stationary in time). 


Condition (i) is meant, of course, to obviate the need for boundary conditions at 
spatial infinity. If matter and radiation are isotropically distributed around us, 
condition (ii) follows from this fact coupled with the ‘Copernican’ postulate that 
we do not hold a privileged position in the universe. Condition (ili) reflects in 
a properly simplified and idealised manner the purported fact that stars move 
randomly in all directions at relative speeds much lower than the speed of light. 
I perceive some tension between the empirical grounds I have given for condi- 
tions (i) and (iti). Current extragalactic astronomy supports the claim that 
matter in the very large is isotropically distributed about us; but it starkly 
contradicts the claim that stars move with low, randomly distributed, velocities. 
The generally accepted view is that, on the whole, the galaxies are receding at 
speeds that increase with their distance from us. The low velocities compatible 
with condition (iii) can be observed inside our galaxy, which presumably was the 
source of astronomical information to which Einstein resorted in 1917. But from 
observations restricted to our own galaxy one cannot infer an isotropic distribu- 
tion of matter, for the vast majority of its stars lie on a fairly narrow zone of the 
sky. Therefore, to my mind, in Einstein’s paper condition (11) does not proceed 
from the intimations of experience but from a desire to deal with a mathemat- 
ically manageable problem. To satisfy all three conditions Einstein had to 
change his field equations (1) into field equations (2). He remarks, however, at 
the end of ‘Cosmological Considerations’, that condition (i) can be met also by 
eqns (1) and that the new term Ag, (with 2 4 0) was required only by condition 
(iii). J. B. Barbour (1990, p. 63, n. 7) has aptly noted that this tantalising remark 
may have prompted Alexander Friedmann to develop his exact solutions of field 
equations (2) for a homogeneous isotropic pressureless fluid. I would go even 
further: Einstein could hardly have published that remark unless he knew of at 
least one particular solution of field equations (1) that satisfied conditions (i) and 
(ii), but not condition (iii). 

Friedmann’s solutions of the field equations (2) appeared in two papers (1922, 
1924). In the first one, Friedmann shows that the only solution that meets 


8 A spacetime ./ is said to be (spatially) homogeneous if it can be partitioned into canonic slices—as 
defined in condition (i)—and for every pair of points p and q in any canonic slice there is an isometric 
mapping f of .@ onto itself such that f(p) = q. For ‘spatially isotropic’ see footnote 7. Both 
characterisations are paraphrased from Wald (1984, pp. 92-93). 
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Einstein’s conditions (i), (ii) and (iii) is Einstein’s own. Friedmann also counts the 
vacuum solution published by Willem de Sitter in 1917 (which, being totally 
devoid of matter, made a mockery of Einstein’s Machian Principle); but de 
Sitter’s solution can be read as a cosmological model in several ways, so I would 
rather not address it in the present discussion (see Ellis, 1990, p. 100). Einstein’s 
solution requires a positive 2. However, if we drop condition (iii), there is an 
infinity of solutions for arbitrary A, which share the following property: the 
canonic slices are spacelike hypersurfaces of constant positive curvature, which 
varies smoothly along the geodesic worldlines of matter.° Evidently, the volume 
of the canonic slices will increase as their respective positive curvatures decrease, 
and vice versa.'° In his second paper, Friedmann drops the requirement of 
compactness in condition (i). He obtains an infinity of solutions of field equa- 
tions (2) with arbitrary 2, in which the canonic slices have each a constant 
negative curvature, which varies smoothly along the geodesic worldlines of 
matter. In fact, the second set of Friedmann solutions can be naturally extended 
to include spacetimes whose canonic slices have constant zero curvature (Robert- 
son, 1929). The types of behaviour that such universes may exhibit and their 
dependence on / is the same whether the curvature in question is equal to or less 
than 0 (Robertson, 1933, p. 75). In both cases the canonic slices extend to infinity 
and hence cannot properly increase or decrease in volume. Nonetheless, this 
family of world models can be said to expand or contract in the following sense: 
in them the geodesic worldlines of matter are not pairwise equidistant as in 
Einstein’s stationary universe, but, as they meet any given canonic slice they are 
all either approaching or receding from each other. The existence of this family 
of exact solutions of the Einstein field equations (1) and (2) shows, according to 
Friedmann, that, unless we add some supplementary assumptions, the field 
equations do not allow us to draw a conclusion about the finiteness of our world 
(1924, p. 332). Both sets of Friedmann solutions are predicated on the hypothesis 
that matter consists of pressureless dust; however, they were rederived by 


° Besides conditions (i) and (ii), Friedmann assumed—to simplify computations’ (1922, p. 379)—that 
the canonic slices are orthogonal to the worldlines of matter. However, this condition is entailed by 
(ii), if the slices are locally spherically symmetric about every worldline of matter. This was proved 
independently by H. P. Robertson (1935, 1936) and A. G. Walker (1935, 1937), which is why the 
spacetime models first conceived by Friedmann—or, if we make allowance for non-zero pressure, by 
Lemaitre—are often named after Robertson and Walker. 

10 For greater precision, let the worldlines of matter be parametrised by proper time t. The curvature 
of the canonic slices depends smoothly on t only. We designate it by R(t). Generic Friedmann world 
models fall into three groups, namely: 

(1) Contracting worlds, in which R(t) increases continually from t = — oo until some finite value 
of t = Tt, for which the metric is undefined; as t approaches t, from below R(t) grows beyond all 
bounds. 

(2) Expanding worlds, which are just like (1), with t reversed; in other words, R(t) decreases 
continually from t = to to tT = 00; as t approaches to from above R(t) grows beyond all bounds. 

(3) Expanding and contracting worlds, in which the metric is defined only on the interval between 
two finite values of t, say, t; and 72; if t; <2, R(t) grows beyond all bounds as it approaches 
t, from above and 7, from below; on the open interval (t;, t2), R(t) decreases monotonically until it 
reaches a minimum ( > 0), and thereupon increases monotonically. 
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Lemaitre (1927) in a more general version, which covers the case in which matter 
is a perfect fluid.'? 

Friedmann’s papers do not mix mathematical reasoning, rough-and-ready 
empirical data and philosophical desiderata in the carefully balanced manner of 
Einstein’s ‘Cosmological Considerations’. They look more like straightforward 
mathematical exercises in the solution of differential equations. Still, their philo- 
sophical implications are clear enough. Even under the most drastic, blatantly 
counterfactual, simplifying idealisation of the energy tensor T ,, the Einstein field 
equations (1) and (2) admit a wide variety of cosmological solutions, which do not 
all share the same global topology. We have learnt later of many wild possibilities 
attainable through less simplistic assumptions; but Friedmann’s papers were 
proof enough that Einstein’s incursion into cosmology was quite indecisive. The 
Friedmann solutions were ignored, although they appeared in the Zeitschrift fur 
Physik, the same journal in which a couple of years later Heisenberg and his 
G6ttingen associates laid down the foundations of quantum mechanics. A few 
scientists probably gave credence to Einstein’s reckless assertion—in the same 
journal—that Friedmann’s work was based on a mathematical error,'* for they 
continued to pay exclusive attention to the world models of Einstein and de Sitter 
(see Ellis, 1989, pp. 379-380). But the great majority must have thought that 
relativistic cosmology was not worth pursuing. I dare say they were not wrong to 
think this, not at least while general relativity drew all its empirical support from 
the so-called classical tests of the Schwarzschild solution and the Equivalence 
Principle. Because, no matter how strongly these two are corroborated by 
experience, they tell us preciously little about the overall structure of the universe. 

In 1927, Lemaitre, who was unaware of the Friedmann solutions, independ- 
ently rediscovered and republished them. Lemaitre was responding to a radical 
change in the outlook of astronomy. Thanks mainly to the work of Hubble, the 
old Kant-Herschel thesis that most of the nebulae in the sky are really ‘island 
universes’ like the Galaxy was finally winning general acceptance.'* Hubble 
argued also that all these other galaxies were isotropically distributed about our 


1l The energy tensor of a perfect fluid is given, componentwise, by 

Tik = (p + p)Viv* + pgi* 
where the V' are the components of the worldvelocity field, and the g’* are the components of the 
(contravariant) metric tensor. The density and the pressure of the fluid are represented by the 
constants p and p, respectively. Putting p = 0 we obtain the energy tensor of pressureless dust, 
adopted by Friedmann. 
12 Binstein (1922). I have difficulty in imagining that Einstein’s curt retractation (1923) could be 
expected to undo the damage done by his earlier statement. 
13 The final stage of the scientific debate on this issue is admirably described by R. Smith (1982). 
Smith pointedly notes that ‘although one may correctly claim that in the early 1930s [the island 
universe theory] was accepted by almost all astronomers, during the late 1910s and 1920s the 
content and interpretation of the theory had substantially changed’ (pp. 160-161). In effect, the size 
and distance of extragalactic nebulae were systematically undervalued due to a simplistic evaluation 
of the period-luminosity (p-!) relation of Cepheid variables. Walter Baade (1952) showed that there 
are two classes of Cepheids—associated with two types of stellar population—with notably different 
p-! relation. Before Baade’s discovery, our own Galaxy appeared to be much larger than the others, 
a true continent amidst the island universes. 
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own and concluded from the systematic redshift in the spectra of light received 
from them that they are receding from us at speeds proportional to their 
distance. Thus, relativistic cosmology could now invoke genuine factual support 
for the assumption that matter is isotropically and hence—by dint of the 
Copernican postulate—homogeneously distributed. On the other hand, the 
Friedmann-Lemaitre solutions furnished a simple explanation for the recession 
of the galaxies: if the galaxies trace geodesic worldlines in an expanding Fried- 
mann-Lemaitre spacetime they will all recede from any particular one arbitrar- 
ily picked out among them with speeds that depend linearly on their distance 
from it. In this way general relativity enabled us to view the baffling flight of 
galaxies as a necessary consequence of the same geometrodynamics that keeps 
every freely falling body on its track. Still, Lemaitre’s work went largely unno- 
ticed until 1930, when Eddington and McVittie tackled the question of the 
stability of Einstein’s cosmological solution of field equations (2). Before their 
investigation was complete they learnt—I quote Eddington—‘of a paper by 
Abbe G. Lemaitre which gives a remarkably complete solution of the various 
questions connected with the Einstein and de Sitter cosmogonies. Although not 
expressly stated, it is at once apparent from his formule that the Einstein world 
is unstable’ (Eddington, 1930, p. 668). Soon thereafter Einstein and de Sitter 
(1932) published a joint paper favouring the Friedmann (pressure-free) solution 
with 2 = 0 and flat canonic slices. 

Nevertheless, the Friedmann-Lemaitre solutions would have to wait forty 
years before they became the standard model of the universe. In his brilliant 
survey of relativistic cosmology, Robertson (1933, p. 62) modestly claimed this 
on its behalf: ‘We hope to show that [aided by Hubble’s results], under the 
guidance of a few seemingly natural assumptions and extrapolations, we can 
arrive at an intrinsically reasonable system of relativistic cosmology which is not 
in serious conflict with modern astrophysics’. But a similar claim could be made 
for other systems of cosmology put forward in the 1930’s by Milne, Dirac, 
Jordan, and others, and also indeed for the controversial ‘steady state’ theory, 
proposed by Bondi, Gold and Hoyle in 1948, which enjoyed much acceptance in 
the United Kingdom until the mid-sixties. The high approval rate of relativistic 
cosmology after 1970 is due in part to the support given to general relativity by 
new and more accurate Solar System and terrestrial experiments; in part also, 
I guess, to the dissemination of a few excellent textbooks, notably Steven 
Weinberg’s Gravitation and Cosmology (1972), but above all to the fact—to 
which we were alerted by Penzias and Wilson (1965) and which has since been 
most beautifully confirmed—that we are submerged in a sea of highly isotropic 
thermal radiation of very low temperature. This phenomenon had been pre- 
dicted by Alpher and Herman (1948) as they pursued Gamow’s ideas on the 
origin of the chemical elements heavier than hydrogen; but their prediction 
remained buried in a scientific journal.'* However, it was made again by the 
Princeton physicists surrounding Robert Dicke, who about 1965 brought back 


'4For some wistful reflections on the belated acknowledgement of their merits, see Alpher and 
Herman (1990, pp. 146-151). 
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to life Gamow’s conception of the formation of helium etc., by nucleosynthesis in 
a very dense and hot cosmic crucible (Dicke et al., 1965). So, when Penzias and 
Wilson recorded in utter bafflement the presence of low temperature radiation 
coming in with equal intensity from every side, theoretical physics had 
a straightforward explanation ready for them, jointly supplied by quantum 
theory and general relativity, which entitled them to receive the Nobel prize. 
In the last quarter of the century the standard model has enjoyed an almost 
unmitigated scientific, journalistic and literary success, thrilling the educated classes 
no less, I presume, than Gilgamesh, or Hesiod’s Theogony, or the Book of Genesis 
delighted their counterparts in antiquity. Of course, not everyone is convinced. 
Some astronomers reject the recession of the galaxies, others doubt the cosmic 
origin of the background thermal radiation. From the standpoint of philosophy one 
should pay special attention to the view, forcefully put forward by Massimo Pauri 
(1991, p. 291; Pauri’s emphasis), that ‘the Universe as a whole cannot be considered 
as a scientific object in any sense that such words have had in the historical 
development of physics’. Though reluctantly at first, I have slowly come to think 
that Pauri is right. At any rate, I am quite persuaded that, while relativistic 
cosmology can easily win any beauty contest among extant physical theories, if 
points are given also for cogency and for reliability at some sensible and useful level 
of approximation, its final grade will be much lower. This is just a hunch of mine, 
perhaps suggested by my preconceptions about the nature of mathematical model- 
ling and experimental testing. But let me spell out some grounds for skepticism. 
If my story is right, what turned the tables in favour of the standard model 
was Penzias and Wilson’s discovery of the isotropic background radiation. This 
provides evidence for relativistic cosmology only if one reads it in the light of 
quantum physics, as thermal radiation satisfying Planck’s law, left over from the 
nuclear reactions that generated the present abundance of light elements heavier 
than hydrogen. But quantum physics is logically incompatible with general 
relativity. Thus, the scientific inference leading to the standard model uses 
premises that are inconsistent with its conclusion. In ordinary physics, which 
deals within admissible margins of error with particular aspects of phenomena, 
one may indeed juggle with different models drawn from mutually incompatible 
theories, which, however, mesh together well within the accepted approxima- 
tion. I doubt, however, that this method can lead to interesting results about the 
totality of things. Given the successes of quantum physics in our high energy 
labs, no one expects general relativity to hold in the very hot, very dense, very 
early universe. But it is far from certain just how hot and dense it must be for the 
Einstein field equations to fail significantly.'*> And of course, without tests, we 


15 Tt is generally agreed that in the current circumstances, the Einstein field equations cannot hold at 
distances less than the so-called Planck length Ip = (1/42),/1he = 10> 3° m (where x is the Einstein 
gravitational constant that occurs in eqns (1) and (2); h is Planck’s constant, and c is the speed of 
light). From this, Wald (1984, p. 379) concludes that the standard model must fail if the curvature 
scalar exceeds Ip 7. However, this would only be an upper bound for curvature, not necessarily the 
least one. For all we know, general relativity and even quantum physics might turn out to be 
inapplicable at much lower but unfamiliar curvatures (and densities). In the absence of actual 
experimental tests, any conjectures on such a matter are guesswork. 
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cannot anticipate what, if anything, will remain of the cosmic geometry when the 
Einstein field equations break down. 

But let us, for the sake of the argument, leave aside the vexing question of the 
coexistence of general relativity with the quantum, and consider relativistic 
cosmology on its own terms, as an application of general relativity. The accept- 
ance of general relativity rests on the satisfactory fulfilment of predictions 
calculated from the Schwarzschild solution (with Ricci = 0) and from the 
parametrised post-Newtonian approximation to the Solar System (assigning to 
the relevant parameters their General Relativity values). However, the 
homogeneous and isotropic fluid of the standard model leaves no room for 
solar systems, let alone for Schwarzschild fields. McVittie (1933) published 
a solution of the field equations that superposed a Friedmann spacetime and the 
Schwarzschild field of a single mass-point.'® Such a scheme, however, has little 
to do with the actual world. A less unrealistic idealisation would treat the 
universe as a sort of quilt patched together from the central portions of 
Schwarzschild fields, one for each star. Would this yield something like a global 
Friedmann geometry? Has anyone tried to prove this? I do not know. Anyway, 
such a quilt would model a world evenly filled with stars, but ours is a lot more 
complicated. On the one hand, not all stars are as isolated as our sun. Can the 
field of a double star be suitably modelled by the Schwarzschild solution? On the 
other hand, the stars are grouped in galaxies, which are grouped into galaxy 
clusters, which in turn form superclusters, with a tendency of the galaxies to lie 
on two-dimensional structures separated by immense expanses of practically 
empty space. Would it be night to build our quasi-Friedmann quilt from 
Schwarzschild fields representing the superclusters? Or should the complex 
articulation of the latter play a significant role in the construction of the global 
geometry? 

In the last thirty years or so cosmologists have tended to deal with the 
problem posed by the ostensible clustering of matter the other way around. 
Instead of figuring out how the clusters combine to yield the geometry of an 
isotropic homogeneous fluid, they have taken such a fluid for granted and 
sought to explain the formation of clusters. Of course, if the development of the 
standard model could be shown to entail clustering, the doubts I have just raised 
would be removed: if the local clusters result from the geometrodynamic 
evolution of a Friedmann universe, the spacetime structure of the latter can 
surely be recovered by piecing all the clusters together. However, it does not 
appear to me that the available explanations of galaxy formation have quite this 
strength. 


16 See also the section entitled ‘Schwarzschild Solution in a Cosmological Model’ in Peebles (1993, 
pp. 296-298). Peebles notes that, by virtue of Birkhoff’s theorem, ‘in a homogeneous zero-pressure 
cosmological model we can evacuate a spherical region and replace the material with a compact 
mass .@ at the center, without affecting spacetime outside the region’ (pp. 296f.). It is not clear, 
however, that the global geometry will not be affected if this procedure is performed on a collection 
of spherical regions that covers a canonic slice of the model so as to yield a distribution of compact 
masses coincident with the present distribution of stars; indeed, it is not clear that the procedure can 
actually be carried out in this way. 
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Be that as it may, the most publicised work in contemporary cosmology has 
to do with another problem, which in a way is the opposite of the former one. At 
any given time in the evolution of the standard model, some parts of matter and 
radiation have never had an opportunity to interact. For example, the most 
distant galaxies that we barely manage to observe today at opposite sides of the 
sky cannot yet be observed from one another. How could they get to be so 
similar? In particular, how could the cosmic background radiation in those 
non-interacting regions of the world reach the state of thermal equilibrium that 
we ascribe to it? Guth (1982) proposed an unexpected solution to this question 
(and a few others) by boldly assuming that the Einstein field equations work in 
a cosmic setting subject to a ‘Grand Unified’ quantum field theory of nuclear 
forces. Under Guth’s assumptions the universe expands exponentially during 
a very short ‘inflationary’ period (less than 10~° second), after which the 
standard model expansion takes over. Before the latter begins, even the more 
distant parts of the currently observable universe have been sufficiently close to 
mix together by normal thermal processes. However, Guth’s original model 
leads to gross inhomogeneities, that render it untenable (Blau and Guth, 1987, p. 
550). To overcome this difficulty other inflationary schemes have been proposed, 
the most remarkable of which is due to Linde. Here ‘the /oca/ structure of the 
universe is determined by inflation’, governed by the Einstein field equations; 
however, ‘its global structure is determined by quantum effects’. In Linde’s 
scenario, the evolution of the universe has no end and may have no beginning. 
‘As a result, the universe becomes divided into many different domains (mini- 
universes) of exponentially large size, inside which all possible (metastable) 
vacuum states are realized’ (Linde, 1987, p. 607; Linde’s italics; see also 
Linde, 1983, 1986). Such mini-universes can possess very different basic physical 
properties, for example, a different number of dimensions. One of them evolves 
through inflation into the four-dimensional roughly Friedmann-Lemaitre 
world in which we live, which, in stark contrast with its siblings, sports the 
very unlikely combination of features required for human life. Linde’s specula- 
tion is very exciting, both aesthetically and religiously. But it sobers down the 
ambitions of scientific cosmology. For in a scheme like his, empirical inquiry 
cannot extend beyond our fractional mini-universe. Therefore, if Linde’s vision 
is at all plausible, the span of science would indeed have increased enormously 
since the time, not so long ago, when Auguste Comte restricted astronomy to 
our planetary system; nonetheless, it would be very far from embracing the 
whole. 
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